Carbohydrate-active enzymes (CAZymes) are central to the biosynthesis and modification of the plant cell wall. An ancient clade of bifunctional plant endo-glucanases (EG16 members) was recently revealed and proposed to represent a transitional group uniting plant xyloglucan endo-transglycosylase/hydrolase (XTH) gene products and bacterial mixed-linkage endo-glucanases in the phylogeny of glycoside hydrolase family 16 (GH16). To gain broader insights into the distribution and frequency of EG16 and other GH16 members in plants, the PHYTOZOME, PLAZA, NCBI and 1000 PLANTS databases were mined to build a comprehensive census among 1289 species, spanning the broad phylogenetic diversity of multiple algae through recent plant lineages. EG16, newly identified EG16-2 and XTH members appeared first in the green algae. Extant EG16 members represent the early adoption of the b-jellyroll protein scaffold from a bacterial or early-lineage eukaryotic GH16 gene, which is characterized by loop deletion and extension of the N terminus (in EG16-2 members) or C terminus (in XTH members). Maximum-likelihood phylogenetic analysis of EG16 and EG16-2 sequences are directly concordant with contemporary estimates of plant evolution. The lack of expansion of EG16 members into multi-gene families across green plants may point to a core metabolic role under tight control, in contrast to XTH genes that have undergone the extensive duplications typical of cellwall CAZymes. The present census will underpin future studies to elucidate the physiological role of EG16 members across plant species, and serve as roadmap for delineating the closely related EG16 and XTH gene products in bioinformatic analyses of emerging genomes and transcriptomes.
INTRODUCTION
Carbohydrate-active enzymes (CAZymes) are essential and abundant in plant proteomes (Ekstrom et al., 2014) . CAZymes perform the synthesis and modification of the diverse polysaccharides that constitute the plant cell wall, and are also involved in pathways related to signaling, defense and energy storage. The actively curated CAZy database (http://www.cazy.org) categorizes CAZymes (namely, glycosyltransferases, glycoside hydrolases, polysaccharide lyases, carbohydrate esterases and auxiliary activities) into families on the basis of protein sequence similarity, which reflects evolutionary history, tertiary structure and catalytic mechanism (Lombard et al., 2014) . The glycoside hydrolases (GHs) form the largest group (presently 153 families) and catalyse the hydrolysis or transglycosylation of glycosidic linkages (Sinnott, 1990; Gilbert et al., 2008) .
Of the many GH families found in plants, glycoside hydrolase family 16 (GH16) is of particular relevance because it includes xyloglucan endo-transglycosylases (XETs, EC 2.4.1.207) and xyloglucan endo-hydrolases (XEHs, EC 3.2.1.151), encoded by the xyloglucan endotransglycosylase/hydrolase (XTH) gene family. These enzymes have been implicated in the remodelling of the ubiquitous streptophyte cell-wall matrix glycan, and sometime seed storage polysaccharide, xyloglucan (XyG) (Rose et al., 2002; Popper, 2008; Ekl€ of and Brumer, 2010) . As members of GH16, XETs and XEHs share sequence and structural similarities, including a common catalytic machinery, with bacterial b(1,3)/b(1,4) mixed-linkage endoglucanases (MLGases, also known as licheninases, EC 3.2.1.73). Early phylogenetic analyses have suggested that bacterial MLGases and plant XETs/XEHs share a common ancestor among the diverse endo-glucanases and endogalactanases of GH16 ( Figure 1 ; Barbeyron et al., 1998; Michel et al., 2001 ).
The precise evolutionary trajectories of the bacterial MLGases and plant XETs/XEHs remain unclear, because of large protein structural differences and a correspondingly wide difference in substrate specificities. However, recent work has uncovered a unique group of GH16 endo-glucanases (EG16s) among select plant genomes, members of which were proposed to represent extant evolutionary intermediates between the bacterial and plant enzymes (Ekl€ of et al., 2013; McGregor et al., 2017) . Characterization of defining members from Populus trichocarpa (PtEG16) (Ekl€ of et al., 2013) and Vitis vinifera (VvEG16) (McGregor et al., 2017) in vitro revealed that these enzymes are structurally and functionally intermediate between MLGases and XETs, notably possessing a minimal b-jellyroll structure and catalytic promiscuity for both MLG and XyG hydrolysis. In particular, EG16 members lack both the C-terminal extension characteristic of XTH gene products (XET_C: InterPro IPR010713, PFAM PF06955) and a key loop that constricts the active-site cleft of bacterial MLGases (Figure 2) . Foundational enzymology and structural biology studies of PtEG16 and VvEG16 have enabled higher resolution bioinformatics analysis and more careful delineation of EG16 members, some of which were previously annotated as XTH gene products (e.g. Yokoyama et al., 2010) . EG16 members had been overlooked as a distinct group within the limited number of plant genomes known at the time, probably for two reasons. First, although they are found in several model plants, EG16s are notably absent from key eudicots, including the model species Arabidopsis thaliana (Ekl€ of et al., 2013; McGregor et al., 2017) . Second, in plants that encode an EG16, only a single ortholog is present in the genome, whereas XTH homologs are usually present in groups of 20-60 genes per species (Figure 2; Ekl€ of and Brumer, 2010 ). An additional curiosity is that EG16 members lack apoplastic secretion signal peptides, which are ubiquitous in XETs and XEHs, thus precluding the 
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Clan B Common ancestor AcƟve site: β-bulge β -1 ,4 g a la ct a n a se s β -1 ,4 g lu ca n a se s Figure 1 . Proposed evolution of glycoside hydrolase family 16 (GH16) enzymes (Michel et al., 2001; Ekl€ of et al., 2013) . [Colour figure can be viewed at wileyon linelibrary.com].
definitive attribution of a cell-wall modifying role (Ekl€ of et al., 2013; McGregor et al., 2017) . As such, their biological role remains unclear.
In conjunction with biochemical and structural analyses, surveys of the limited number of plant genomes available in 2013 and 2016 -predominantly of eudicots and grasses -allowed the identification of a total of~30 EG16s in~40 genomes (Ekl€ of et al., 2013; McGregor et al., 2017) . The recent, rapid expansion of plant whole-genome and largescale transcriptome sequencing efforts now provides a much richer data set to explore the distribution of EG16 members across plant lineages. In particular, an abundance of sequence information on the major clades of plants and algae outside the angiosperms, and diverse and Comparison of bacterial mixed-linkage endo-glucanases, plant endo-glucanases (EG16) and plant xyloglucan endotransglycosylase/hydrolases (XTHs) from glycoside hydrolase family 16 (GH16). Three-dimensional structure representations were generated using data in the corresponding RCSB Protein Data Bank. Secondary structure topology diagrams were produced manually (b-sheet lengths are proportionate, loops are not). Tabular data are from Ekl€ of et al. previously unexplored lineages of flowering plants, now facilitates the exploration of the emergence of EG16s vis-avis XTH gene products (Goodstein et al., 2012; Vandepoele et al., 2013; Matasci et al., 2014; Proost et al., 2015) . Presented here is a comprehensive bioinformatic survey of GH16 members among Viridiplantae genomes and close relatives, which reveals the emergence of EG16 orthologs and the closely related EG16-2 subfamily in green plants, concordant with the early divergence of these enzymes.
RESULTS AND DISCUSSION
Cross-genomic census of EG16s and XTHs
To provide a comprehensive census of plant GH16 homologs across plant lineages, 119 publicly available genomes and 1460 publicly available transcriptomes were exhaustively mined for the presence of EG16s, XTHs and other GH16 members. This data set represents a phylogenetically diverse range of species, spanning ancient Viridiplantae lineages (e.g. chlorophyte and charophyte green algae) to more recent groups (e.g. core eudicots), and several groups spanning earlier lineages of eukaryotes (e.g. Euglenozoa and red algae) (Figure 3 ). Access to the 1000 PLANTS transcriptome database, in particular, greatly expanded the phylogenetic coverage; the available whole genomes are dominated by angiosperms (Figure 3) .
Despite the advantages of this expanded data set, the use of translated transcriptomic sequences has particular limitations as a result of incompletely assembled sequences (fragments), with the potential to miss homologs that are present but not expressed, or only weakly expressed, at the time or position of sampling. Nonetheless, the positive identification of even a single EG16 or XTH member can be used to confidently assign the presence of these subfamilies in a species. As such, the present analysis provides a conservative estimate of the presence of these GH16 members in plants and non-plant eukaryotes.
Using protein BLAST, automated and manually refined sequence alignments, and the identification of signature sequence motifs (Figure 4 ), the number of identified EG16 orthologs across species was greatly expanded compared with earlier analyses. Specifically, the first study to identify EG16s as a distinct subfamily revealed their presence in 15 of 24 species in 2013 (Ekl€ of et al., 2013) , whereas an updated census in 2016 identified 18 more, for a total of 33 EG16s out of~40 genomes (McGregor et al., 2017) . Now, 587 EG16 orthologs have been identified in 119 genomes and 1460 transcriptomes, representing 1289 organisms. In parallel, over 15 280 XTH homologs, 130 EG16-2 sequences, 36 MLGase-like GH16 members and 304 ambiguous GH16 members have been identified. Appendix S1 comprises five individual spreadsheets of all the identified sequences in the groups 'EG16', 'EG16-2' (see below for a detailed definition), 'XTH', 'Other GH16' and 'Ambiguous' sequences, respectively, which are fully sortable and selectable on the basis of organism taxonomy (specifically at the levels of genus/species, family, order and major clade), source database, sequence type and other annotations.
The present analysis indicates that canonical EG16s and XTHs are found in all major clades of Streptophyta, but are absent in chlorophyte algae, red algae and glaucophytes in Archaeplastida (Plantae) (Figure 3) . Notably, we also newly identified a distinct group of sequences, here named EG16-2, which are typified by subtle variations of the EG16 consensus motifs ( Figure S1 cf. Figure 4 ) and an N-terminal extension of~150 amino acids that may represent a partial duplication of the GH16 b-jellyroll domain (Appendix S2). EG16-2 members were observed only in two chlorophyte green algae, a number of charophyte green algae and mosses, individual liverworts and lycophytes, and a few leptosporangiate ferns. The following sections focus on notable observations for specific organism clades, following the order of nesting presented in Figure 3 . A full molecular phylogeny comprising only high-quality bacterial MLGase, red algal GH16, EG16, EG16-2 and XTH sequences is also presented below.
EG16 and XTH homologs were not observed in the genomes of non-plant eukaryotes EG16, EG16-2 and XTH members were not present in genomes and transcriptomes of Chromista, Dinophyta and Euglenozoa (Figure 3) . One dinophyte transcriptome, that of the planktonic organism Prorocentrum micans, was found to have a 107 amino acid fragment similar to other GH16 members (Appendix S1, 'Other GH16' sheet). Protein BLAST analysis using the NCBI non-redundant database showed high identity (58%) with a small region identified as a Pfam GH16 domain within a putative sulfate transporter, YbaR, from the dinophyte Symbiodinium microadriaticum (OLP83510.1). Another match was made to a putative GH16 b-glucanase from a bacterial species, Selenomonas ruminantium (SFT81730.1). Although the fragmentary nature of this sequence currently precludes any definitive assignment within GH16, these results suggest that it is not an EG16 ortholog, but rather belongs to another subfamily ( Figure 5) .
Likewise, the Heterokonta, a eukaryotic clade related to Dinophyta that includes kelp and unicellular diatoms (Figure 3) , contained four species with 'other GH16' homologs ( Figure 5 ). A total of 10 homologs were identified that share the b-bulge active-site motif (EXDXXE) that is characteristic of GH16 laminarinases (Figure 1) . Indeed, when used as queries against the NCBI database, these putative GH16s align best with GH16 laminarinases (Appendix S3). The presence of such gene products in Heterokonta is unsurprising, as the environment that these enzymes may be active in is rich in laminarin, which constitutes~35% of the cell-wall dry weight of Heterokonta and other brown algae (Kadam et al., 2015) .
Curiously, three sequences from the Chromista alga Synura petersenii (DBYD-2006863, DBYD-2050606 and DBYD-2049612) were discovered in the 1000 PLANTS database that were highly similar to angiosperm XTHs (Appendix S1, 'Other GH16' sheet). This was particularly odd, as these were the only XTH sequences found in a non-plant eukaryote and searching the available Chromista algae genomes in NCBI did not yield any sequence resembling XTHs. A broader search of the complete NCBI Frequency of EG16 and XTH gene products among plants and early-diverging eukaryotes. Tabular data indicate the number of translated genomes and transcriptomes in which at least one EG16, EG16-2 or XTH member was found, indicated as a ratio of the total number of organisms surveyed in each clade (119 genomes and 1460 transcriptomes in total). Abbreviations: G, from the analysis of genomic sequences; T, from the analysis of transcriptomic sequences. All sequences are available in individual spreadsheets in Appendix S1. ANA-grade angiosperms are defined as the grade comprising Amborellales, Nymphaeales and Austrobaileyales. SAR refers to the supergroup containing members of stramenopiles (heterokonts), alveolates and Rhizaria. Organism phylogeny is based on a reference phylogeny (Wickett et al., 2014) and phylogenies found at PHYTOZOME (Goodstein et al., 2012) and PLAZA (Vandepoele et al., 2013; Proost et al., 2015) (branch lengths are not to scale).
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database indicated that DBYD-2006863 is 85% identical to a Populus tremula 9 Populus tremuloides XTH (AAN87142.1), DBYD-2050606 is 85% identical to a Nicotiana tabacum XTH (XP_016507784.1) and DBYD-2049612 is 93% identical to Medicago truncatula XTH (ACJ85454.1). Thus, it is highly likely that these sequences are contaminants, and they were therefore removed from further analysis.
Red algal species have MLGase-like sequences EG16 and XTH sequences were not found in Glauocophyta and red algae; however, protein BLAST analysis using translated red algae transcriptomes revealed 16 fragments with 33-52% identity with a Bacillus subtilis (bacterial) MLGase sequence that was used as a query (WP_024571825.1). The fragments lack the signature EG16 . Frequency of other GH16 gene products among plants and other eukaryotes. Tabular data indicate the number of translated genomes and transcriptomes in which at least one GH16 member, not otherwise identified as an EG16 or XTH member, was identified, indicated as a ratio of the total number of organisms surveyed in each clade (119 genomes and 1460 transcriptomes in total). All sequences are available in individual spreadsheets in Appendix S1. Organism phylogeny is from PHYTOZOME (Goodstein et al., 2012) and PLAZA (Vandepoele et al., 2013; Proost et al., 2015) (branch lengths are not to scale).
© and XTH defined motifs (Figure 4 ), yet all contain the regular b-sheet active site motif (EXDXE) that is characteristic of MLGases (Appendix S4 cf. Figure 1 ). An NCBI conserved domain search further confirmed that all were GH16 members. Despite the fragmentary nature of these sequences, the available data strongly suggest that they represent MLGases, not EG16 or XTH members.
A limited selection of green algae represents the most ancient lineages with canonical EG16 and XTH homologs
The chlorophyte green algae currently provide the earliest evidence of EG16-2 and XTH genes in Viridiplantae (Figure 3) . Chlorophyte cell walls are generally known to contain b(1,4)-glucan (cellulose), b(1,3)-glucan and b(1,4)-mannan, but not MLG or XyG (nor pectins) (Popper et al., 2011; Fangel et al., 2012) . Correspondingly, canonical EG16s and XTHs were generally not detected in the available 10 chlorophyte genomes and 114 transcriptomes. Three possible exceptions to this were observed: canonical XTH homologs were found in transcriptomes of the chlorophytes Dunaliella salina, Dunaliella tertiolecta and Pseudoscourfieldia marina (Appendix S1, 'XTH' sheet; Figure 3 ). Notably, EG16-2 sequences were found in the transcriptomes of two chlorophyte species: Botryococcus braunii and Interfilum paradoxum (Appendix S1, 'EG16-2' sheet; Figure 3 ). These proteins exhibited distinct, minor variations of the signature motifs of canonical EG16s (Figures 4  and S1 ), yet these sequences more closely resembled EG16s than other GH16s or XTHs. In particular, these sequences had a regular b-strand active site motif (EXDXE, Figure 1 ), had high percentage identities with other EG16s, and did not have the C-terminal extension typical of XTHs. Instead, these EG16-2 sequences were distinguished by large N-terminal extensions not otherwise observed in EG16 members (Appendix S2).
GH16 members distinct from EG16, EG16-2 and XTH sequences were found in four of 10 chlorophyte genomes ( Figure 5 ), namely those of Chlamydomonas reinhardtii (one sequence), Chlorella sp. NC64A (six sequences), Micromonas sp. RCC299 (one sequence) and Ostreococcus lucimarinus (one sequence; Appendix S1, 'Other GH16' sheet). All of these sequences contained a b-bulge, clearly placing them out of the MLGase/EG16/XTH group on the basis of this active site motif (Figure 1) . Notably, 'other GH16' sequences were completely absent in all Streptophyta, including Charophyta (0 of 108 genomes, 0 of 999 transcriptomes; Figure 5 ).
Canonical EG16s and XTHs also had limited occurrence in the charophyte green algae. Although no charophyte genomes were available, four species across 46 transcriptomes possessed an EG16 homolog, and nine species possessed at least one XTH homolog. Of these, Desmidium aptogonum and Nucleotaenium eifelense possessed both, providing the earliest evidence of the co-occurrence of EG16s and XTHs in the same species. Notably, all 11 of these unique charophyte species, and many other charophytes (33 of 46 total transcriptomes), possessed one or more EG16-2 sequence (Appendix S1; Figure 3 ). As observed for the chlorophytes, EG16-2 sequences are sufficiently distinctive to warrant separation into an independent group, including a lack of signature EG16 motifs (Figures 4 and S1 ) and the presence of extended N termini. Closer inspection of the 'Ambiguous' plant GH16 sequences, the sequences of which precluded definitive assignment, indicates that an additional 33 charophyte species may possess XTH-like sequences (Appendix S1). Although there is currently no biochemical characterization of any EG16, EG16-2, XTH or XTH-like protein outside angiosperms, the presence of these sequences coincides with the general observation that species possessing both MLG and XyG in their cell walls were present early in the evolution of Streptophyta (i.e. charophyte algae) (Popper et al., 2011; Fangel et al., 2012) . Notably, recent screening studies have revealed XET activity in Chara, Klebsormidium and Zygnema tissues (Herburger et al., 2018) , possibly arising from one of these GH16 members.
EG16 homologs were observed in many hornwort and liverwort transcriptomes
Despite an absence of genomic data, transcriptome analysis revealed at least one EG16 and one XTH simultaneously in six of nine hornworts; Phaeoceros carolinianus additionally has an EG16-2 ortholog (Appendix S1; Figure 3) . Notably, five hornwort species had EG16 orthologs that were likely to be catalytically crippled, from missing one or more key catalytic residues (Appendix S5; Figure 3 ). It is presently unclear whether this is simply a result of transcriptome sequencing errors; however, such variants are reminiscent of catalytically inactive GH16 members from invertebrates, which instead function in glycan recognition as part of the innate immune responses in the Toll Pathway (Lee et al., 2009) .
Analysis of the single available liverwort genome, that of Marchantia polymorpha, revealed the presence of one EG16 and 44 XTH homologs. Analysis of 28 liverwort transcriptomes extended the number of species containing at least one EG16 or XTH to 15 and 24, respectively (Figures 3  and 6 ). EG16-2 sequences were only observed in the transcriptomes of the liverwort Noteroclada confluens (Appendix S1).
EG16 homologs are widespread in mosses, lycophytes and ferns
The genomes of Sphagnum fallax and Physcomitrella patens both encoded EG16s and XTHs (Figure 3) . Enumeration of these proteins indicated that XTHs were present in large families of tens of homologs, consistent with Figure 6 . Quantitative analysis of EG16, XTH, and other GH16 homologs in translated genomes of plants and early-diverging eukaryotes. The light-grey vertical bar serves as an ocular guide for one homolog on the x-axis. Organism phylogeny is based on a study from a recent publication (Wickett et al., 2014) , as well as the phylogeny provided by PHYTOZOME (Goodstein et al., 2012) and PLAZA (Vandepoele et al., 2013; Proost et al., 2015) (branch lengths are not to scale).
previous studies (Yokoyama et al., 2010) , whereas the number of EG16 homologs was restricted to one each in P. patens and in S. fallax ( Figure 6 ). Indeed, cross-genome analysis indicates that EG16s usually occur as single orthologs or are completely absent, which strongly contrasts with the manifold XTH homologs (Figure 6 ). The genome of S. fallax, but not P. patens, likewise encoded a single EG16-2 homolog. In transcriptomes of 41 moss species, 35 (85%) had an EG16 homolog, 20 had an EG16-2 homolog (49%) and 38 (92%) had at least one XTH homolog. Although these data are limited as a result of sampling considerations (see above), these results provide evidence of the very high penetrance of the EG16 and EG16-2 members among the mosses. The genomic databases were limited with regard to lycophyte genomes, with only two available, Selaginella kraussiana and Selaginella moellendorffii, of which S. moellendorffi had a known EG16 homolog (McGregor et al., 2017) . Of 21 lycophyte transcriptomes, 12 had an EG16 homolog (57%) whereas all had XTH homologs (Figure 3) . Only the transcriptome of Phylloglossum drummondii contained an EG16-2 sequence.
There are currently no genomes publicly available for fern species (Sessa et al., 2014) ; however, EG16s as well as XTHs are highly prevalent in fern (monilophyte) transcriptomes. All 12 eusporangiate fern transcriptomes had EG16 and XTH homologs, whereas 58 of 66 (87%) leptosporangiate fern transcriptomes had an EG16 homolog versus 60 (90%) with at least one XTH homolog (Figure 3) . Five leptosporangiate transcriptomes contained EG16-2 members. EG16-2 sequences were not observed in the genomes and transcriptomes of any other vascular plants (i.e. none were found in seed plants; Figure 3 ).
EG16 homologs have been widely maintained among gymnosperms
Ginkgoales, which contain one extant species, Ginkgo biloba, had a single EG16 and 13 full-length XTH homologs present in its genome ( Figures 3 and 6) ; five XTH fragments were also found (Appendix S1, 'XTH' sheet). Notably, a sequence retrieved from the PLAZA database (GBI00016679) appeared to comprise an N-terminal fragment of an EG16, which could be completed to derive the full-length protein by the overlapping of 119 amino acids with 100% identity to a C-terminal fragment from the 1000 PLANTS transcriptome database (SGTW-2037882; Appendix S6). Unusually, the complete G. biloba EG16 sequence was found to contain a secretion signal peptide, which is otherwise typically absent among orthologs and the absence of which is a defining feature of EG16s (Figure 2) ; the presence of a signal peptide in this species thus represents an evolutionary novelty.
The single available cycad genome, that of Cycas micholitzii, is strikingly bereft of XTH members (with two fulllength homologs and three fragments) and completely lacks an EG16 ortholog (Appendix S1; Figure 6 ). Analysis of an additional three cycad transcriptomes indicated that all had XTHs, whereas an EG16 was found only in Encephalartos barteri (Figure 3) .
Likewise, the single available Gnetales genome, that of Gnetum montanum, encoded only two canonical XTH homologs and lacked an EG16 ortholog altogether (Figures 3 and 6) ; however, analysis of three transcriptomes revealed the presence of an EG16 ortholog in Welwitschia mirabilis, whereas XTH homologs were found in all Gnetales data sets (Appendix S1; Figure 3 ).
All eight available conifer genomes encoded single EG16 orthologs and tens of XTH homologs each (Figures 3  and 6 ). Transcriptome analysis of 72 conifers identified EG16 orthologs among an additional 49 species (68%) versus the ubiquitous identification of at least one XTH per species (Figure 3) . The disparity between the genomic and transcriptomic databases may reflect the limited, specific expression of EG16 genes and/or a predominance of XTH genes ( Figure 6 ). Notably, four Pinales EG16 homologs (Picea glauca PGL00023948, Pinus sylvestris PSY00021134, Picea abies PAB00045440 and Acmopyle pancheri HILW-2113134) were found to have signal peptides (Appendix S1, 'EG16' sheet). In fact, these proteins, along with the G. biloba ortholog discussed above (GBI00016679), were the only EG16s predicted to contain a signal peptide among the 587 canonical EG16s identified.
EG16 homologs were variably maintained among angiosperms
Apart from eudicots and monocots, the angiosperms include the ANA-grade lineages (Amborellales, Nymphaeales and Austrobaileyales, comprising Amborella, water lilies and others), magnoliids and Chloranthales. Genomic resources for these plants are limited: only a single genome was available, that of the lineage comprising the sister group of all other angiosperms, Amborella trichopoda, the single EG16 ortholog of which was previously identified (McGregor et al., 2017) . This organism also contains~20 XTH homologs (Figures 3 and 6) . Analysis of the available transcriptomes revealed that all three of the aforementioned groups had at least one organism with an EG16 homolog, whereas at least one XTH homolog was found in all of the transcriptomes (Appendix S1; Figure 3) .
In sharp contrast to other angiosperms, nearly all (21 of 22) commelinid monocot genomes encoded an EG16 ortholog. The single exception was Musa acuminata (Figure 3) , a banana species. Transcriptomic data allowed the identification of EG16 orthologs in an additional 15 species (Appendix S1, 'EG16' sheet; Figure 3) . Among commelinid monocots, XTH were present as approximately 30 homologs per genome, and were identified in all but one transcriptome (Figures 3 and 6) , that of Zea nicaraguensis.
Genomes of non-commelinid monocots, represented by
Spirodela polyrhiza and Zostera marina, did not encode EG16 orthologs, despite possessing 12 and 18 XTHs, respectively (Figures 3 and 6 ). In contrast, EG16 orthologs were found in 42 of 63 transcriptomes; XTH homologs were ubiquitous in these data (Figure 3) .
The non-core eudicots are represented by a single genome, that of Aquilegia coerulea, which does not encode an EG16 ortholog, but encodes 26 XTH homologs (Figures 3  and 6) . In contrast, analysis of 35 non-core eudicot transcriptomes identified 20 species encoding an EG16 ortholog; at least one XTH was found in all 35 species (Figure 3) . Four species of the genus Papaver, which contain numerous poppy species and other frost-tolerant plants, had EG16 orthologs that have an altered active site motif, suggesting that they are catalytically crippled, as was discussed above for some hornwort orthologs (Appendix S5). Notably, a number of orthologs were missing both catalytic residues and the 'helper' aspartic acid residue.
The distribution of EG16 orthologs among the core eudicots was variable. Our original, more limited analyses indicated that EG16 orthologs are not present in several model eudicots, including members of Brassicaceae such as Arabidopsis thaliana (in rosids) and Solanaceae (nightshade) species (in asterids) (Ekl€ of et al., 2013; McGregor et al., 2017) . Of five core eudicot genomes outside the rosids and asterids, four encode an EG16 ortholog, and all had~30-50 XTH homologs (Figures 3 and 6) . Analysis of 96 transcriptomes enabled the identification of EG16s in an additional 21 species, in which the observation of at least one XTH homolog was essentially ubiquitous (93 of 96 species). In contrast, EG16 orthologs were strikingly rare in asterids. Among the six genomes surveyed (Appendix S1), none had EG16s but in contrast had tens of XTH homologs (Figures 3 and 6) . Analysis of 222 asterid transcriptomes revealed only 18 species expressing an EG16 ortholog, versus the essentially ubiquitous identification of one or more XTH homologs (220 of 222 species; Appendix S1; Figure 3 ). EG16 orthologs were more common in rosids, but yet were present in only half of the available genomes, in which XTH homologs were ubiquitous and abundant (Figures 3 and 6) . Notably, EG16s were not found in many members of the Brassicaceae family, e.g. Brassica nigra (black mustard), Brassica oleracea capitata (cabbage) and the model plant Arabidopsis thaliana (Appendix S1). They were common in Fabales, however, such as the legume crops Glycine max (soy) and Cicer arietinum (chickpea). They were also common in Rosales such as Cannabis sativa (hemp), Fragaria vesca (strawberry) and Prunus persica (peach), and in the woody plants of the family Salicaceae, which includes numerous poplar (Populus) and willow (Salix) species.
The molecular phylogeny of EG16 orthologs is generally concordant with contemporary estimates of Viridiplantae evolution
The collection of a combined large number EG16 and EG16-2 orthologs across a wide diversity of plant lineages provided a unique opportunity to examine the molecular evolution of these proteins within GH16. The calculation of a maximum-likelihood phylogeny following iterative MUS-CLE and structure-guided manual alignment of the core b-jellyroll domain of high-quality, curated sequences revealed that EG16 (n = 363) and EG16-2 (n = 38) sequences clearly segregated from each other, and from exemplar bacterial MLGases (n = 3), rhodophyte GH16 members (predicted MLGases, n = 3) and XTHs (n = 21), with high bootstrap support (Appendix S7; Figure 7) . The global topology of this phylogeny essentially recapitulated that seen in previous analyses of GH16 (Barbeyron et al., 1998; Ekl€ of et al., 2013; Michel et al., 2001 ; Figure 1) , with the exception of the emergence of EG16-2 sequences as a monophyletic group independent of canonical EG16s.
As discussed above, the EG16-2 group was originally identified on the basis of variations on the canonical EG16 signature motifs (Figures 4 and S1) , and is composed of sequences from most green-plant lineages except seed plants (Figure 3 ). Closer inspection of these sequences, including focused alignment with selected canonical EG16s, XTHs and MLGases (Appendix S8), revealed clear similarity with the EG16s in particular. Strong bootstrap support for the segregation of EG16 and EG16-2 sequences highlights their divergence. The molecular phylogenetic estimate within EG16 and EG16-2 directly parallel our current understanding of organismal phylogeny (Appendix S7 and Figure 7 , cf. Figure 3) , pointing to its probable utility in estimating plant phylogeny. The restriction of EG16-2 members to major Streptophyta lineages, including early land plants, implies a long parallel evolution and maintenance of these orthologs within genomes (with a loss in seed plants).
Within the EG16 clade, orthologs also segregated into clades that generally recapitulate a contemporary model of Viridiplantae evolution (Wickett et al., 2014 ; Appendix S7 and Figure 7 , cf. Figure 3) . For example, EG16 orthologs of land plants are nested among charophyte algae, in accordance with our understanding of land-plant origins. Likewise, hornwort EG16s are sister to other land plants, whereas liverwort EG16s form a monophyletic group neighboring those of lycophytes. Fern EG16s appear in several weakly supported positions across the land-plant backbone, before the divergence of seed plant orthologs, and with a clade of gymnosperms and another of angiosperms, within which major flowering-plant clades can be identified (Appendix S7; Figure 7 ).
Despite the overall concordance of EG16 molecular phylogeny with plant evolutionary models, some notable exceptions are nonetheless observed. Lycophyte EG16s are arranged into two groups, one between hornworts and mosses and another between mosses and liverworts. As lycophytes are vascular plants, they are generally considered to be sister to a clade comprising ferns and seed plants (the euphyllophytes). Likewise, EG16 orthologs from some eudicots and 'early' angiosperms are arranged together with core eudicots (Appendix S7; Figure 7) . The bootstrap support for these unusual arrangements is poor, reflecting the lack of support for some deep relationships in plant phylogeny, which is not unexpected in any broad phylogeny estimated from a single gene (e.g. Wickett et al., 2014) . Although definitive phylogenetic placements of some taxa are not possible from this gene alone, the retention of a single ortholog across most major lineages of plants nevertheless suggests strong conservation of EG16 structure across the organismal phylogeny, and perhaps the strong conservation of biological function, across a very broad diversity of plant lineages.
The inclusion of bacterial MLGases (root) and rhodophyte MLGase-like sequences in the phylogeny highlights the very ancient divergence of EG16/EG16-2 members and XTHs. Indeed, the comprehensive census of GH16 members among Viridiplantae and related early-diverging . Maximum-likelihood phylogeny of EG16 members: 337 EG16s, 38 EG16-2, 28 XTHs (a minimal random selection representing the diversity of plant clades), three red algae putative MLGases and three bacterial MLGase high-quality sequences were aligned with MUSCLE and manual structure-guided refinement (see Appendix 4 for all input sequences and accessions) prior to RAxML analysis with 406 rapid bootstraps. The bacterial MLGases, the ancestors of which are proposed to have given rise to XTHs and EG16s (Planas, 2000; Ekl€ of et al., 2013; McGregor et al., 2017) , were used as an outgroup to root the phylogeny. The output file in NEXUS format is provided as Appendix S7.
eukaryotes failed to reveal any clade that possessed exclusively EG16s, EG16-2 or XTHs (Figure 3 ). The original hypothesis was that a possible evolutionary pathway to extant plant GH16 members could be: bacterial MLGase ? ancestral plant EG16 (via loop deletion) ? plant XTHs (via C-terminal extension and gene duplication) (Ekl€ of et al., 2013) . Such a pathway might reasonably be anticipated from three-dimensional structural analysis of these proteins (Ekl€ of et al., 2013; McGregor et al., 2017 ; Figure 2 ) and consideration of gene copy numbers in species. The evolution of a comparatively restricted number of XEHs as a result of key active-site loop extension within the larger group of XETs was previously revealed by combined biochemical, structural and phylogenetic analyses (Baumann et al., 2007) . Although the EG16/EG16-2 versus XTH split is supported with high bootstrap values (Figure 7 ), the consideration of branch lengths and lack of nesting between these clades suggests that the present phylogeny can neither support nor refute the proposed evolutionary pathway unambiguously. Rather, the coincidence of EG16, EG16-2 and XTH members among the earliest-diverging plant lineages is surprising, and suggestive of a near-simultaneous genesis of these sequences.
Observations on the putative biological roles of EG16s and EG16-2 proteins
The physiological role of EG16 and EG16-2 proteins is presently unknown and mysterious. In contrast to XTH genes, which have undergone the extensive multiplication typical of other cell-wall CAZymes Yokoyama et al., 2004 Yokoyama et al., , 2010 Geisler-Lee et al., 2006; Del Bem and Vincentz, 2010; Ekl€ of and Brumer, 2010) , EG16 genes are invariably present as single, highly conserved orthologs in individual species, which is more reminiscent of core metabolic enzymes. On the other hand, EG16 orthologs have been maintained in some plant genomes and lost in others, which suggests a degree of dispensability. It is not clear how to reconcile these contrasting observations. The tissue-specific microarray data available indicate that expression patterns are comparable among distant plant clades. For example, the expression pattern of EG16 in Populus trichocarpa, a woody eudicot, mirrors that observed for the ortholog in Pinus abies, a long-living conifer species (Figures S2 and S3) : expression is strongest in young tissues and in reproductive tissues (Wilkins et al., 2009) . Likewise, in the moss P. patens, there is strong expression of the EG16 ortholog in protonemata (cells at the earliest stage of the gametophyte life phase) and in the base of young gametophyte leaves ( Figure S4 ; OrtizRamirez et al., 2016; Winter et al., 2007; Yokoyama et al., 2010) .
A lack of signal peptides in all EG16 members, except those from four Pinales and G. biloba, is particularly puzzling in light of their demonstrated activity on substrates found in the primary cell wall, viz. xyloglucan and MLG (Ekl€ of et al., 2013; McGregor et al., 2017) . This may indicate leaderless secretion, which can involve over 50% of the plant secretome in certain conditions (Agrawal et al., 2010; Ruiz-May and Rose, 2013) . It is equally possible that EG16 act intracellularly, perhaps in metabolic or housekeeping roles.
CONCLUSION
In this study, access to expanded plant 'genomic and transcriptomic resources has enabled unprecedented insight into the very early origins of GH16 XyG-and MLG-active enzymes, which are central to the modification of these key cell wall matrix polysaccharides. Extant EG16 members represent the early adoption of the b-jellyroll protein scaffold from an early, possibly bacterial or ancient eukaryotic, GH16 member, which was simultaneously diversified by loop deletion and extension of the N terminus (in EG16-2 members) or C terminus (in XTH members). In particular, the unambiguous identification here of the EG16-2 members as a new subfamily will enable refined studies of these distinct plant proteins. The present comprehensive census will underpin future studies to elucidate the physiological role of all plant GH16 members and serve as a roadmap to delineate the closely related EG16, EG16-2 and XTH gene products in forthcoming bioinformatics analyses of emerging genomes and transcriptomes (e.g. Cheng et al., 2018) . Specifically, the large and carefully curated compilation of sequences provided here (Appendix S1) may be used to generate hidden Markov models for rapid CAZyme analysis (Lombard et al., 2014) .
EXPERIMENTAL PROCEDURES Data sources
GYMNO PLAZA 1.0, PICO-PLAZA 2.0 (Vandepoele et al., 2013; Proost et al., 2015) , JGI PHYTOZOME v12.1 (Goodstein et al., 2012) and NCBI (NCBI Resource Coordinators 2017) translated genomic databases (with 119 genomes in total and one transcriptome) were downloaded from the official websites during JuneAugust 2017. Translated transcriptomic data (1459 transcriptomes) were accessed from the 1000 PLANTS (1KP) database between June 2016 and May 2017 (Johnson et al., 2012; Matasci et al., 2014; Wickett et al., 2014) . Taxonomic data were obtained from the NCBI Taxonomy Browser (Federhen, 2012) , accessed from May to October 2017. Quantification of GH16 members was performed using only well-curated, assembled genomes from GYMNO PLAZA 1.0, PICO-PLAZA 2.0 and PHYTOZOME v12.1, accessed in July 2017. The Physcomitrella patens EG16 sequence (Pp3c21_9420V3.9) from the JGI PHYTOZOME database was used in the present analysis; sequences XP_001783128.1 from NCBI and PP00353G00180 from PLAZA were omitted because the sequence alignments compared with all other EG16s suggested probable sequencing errors or misassembly.
The programming language PERL was used along with the development environment ECLIPSE for data curation, organization and sequence handling. Microsoft Office EXCEL and NOTEPAD++ were also used for the categorization and organization of data, and the preparation of FASTA files. ALIVIEW (Larsson, 2014) was used for the visualization and manual adjustment of sequence alignments made with the embedded MUSCLE (Edgar, 2004) distribution (32-bit version 3.8.425). Tertiary structures were extracted from the PROTEIN DATA BANK (PDB) and visualized with PYMOL 2.0. Adobe ILLUSTRATOR CC 2015 was used to assemble all figures.
Identification of EG16s and XTHs
All 33 EG16 sequences included in analysis of McGregor et al. (2017) and 35 representative XTH sequences were aligned using MUSCLE and separated into two FASTA files (Appendix S9 and S10) to produce sequence logos via WEBLOGO (Schneider and Stephens, 1990; Crooks et al., 2004) , to aid in the subsequent manual identification and differentiation of EG16 and XTH homologs. Five signature sequence regions were identified as a result (Figure 4) . On the basis of preliminary analyses, 15 representative query sequences were selected to probe translated genomic and transcriptomic data sets using protein BLAST (Altschul et al., 1990; Johnson et al., 2008) . These 15 queries represented EG16s and XTHs from a diversity of plant lineages, and a bacterial MLGase control: Bacillus subtilis BsLicheninase WP_024571825.1; Brachypodium distachyon BdEG16 KQK23978.1; Amborella trichopoda AtEG16 XP_006857906.1; Gossypium arboretum GaEG16 KHG22293.1; Medicago truncatula MtEG16 XP_013444946.1; Physcomitrella patens PpEG16 XP_001783128.1; Physcomitrella patens PpXTH1 CAH58715.1; Picea abies PaEG16 PAB00045440; Populus tremula 9 Populus tremuloides PttXET16A AAN87142.1; Populus trichocarpa PtEG16 XP_002301319.1; Selaginella moellendorffii SmEG16 XP_002960511.1; Tropaeolum majus TmNXG1 CAA48324.1; Vitis vinifera VvEG16 XP_002273975.1; Zea mays ZmEG16 NP_001150346.1; Zea mays ZmXTH1 CAI44139.1 (all are GenBank accessions, except Picea abies from PLAZA).
All sequences resulting from protein BLAST analysis of individual organisms were aligned with the original queries using MUSCLE within ALIVIEW, and were manually examined for the presence of the signature motifs prior to segregation into 'EG16', 'XTH' or 'other GH16' sequence subfamilies (Appendix S1). Sequences were also analyzed with NCBI BATCH WEB CD-SEARCH (NCBI Resource Coordinators 2017) to confirm the presence of GH16 conserved domains. The presence of signal peptides was analyzed using SIG-NALP 4.1 (Petersen et al., 2011) .
Phylogenetic analysis
EG16, EG16-2, XTH and MLGase amino acid sequences were aligned using MUSCLE with default settings within ALIVIEW. Following manual curation in ALIVIEW to remove obvious fragment sequences, manual realignment was performed using tertiary structural information from the following characterized GH16s as a guide: Bacillus subtilis licheninase (PDB ID 3O5S) (Furtado et al., 2011) , Paenibacillus macerans licheninase (PDB ID 1U0A) (Gaiser et al., 2006) , Tropaeolum majus NXG1 (PDB ID 2UWA) (Baumann et al., 2007) and Vitis vinifera EG16 (PDB ID 5SV8) (McGregor et al., 2017 ) (see figure 1 in Ekl€ of et al., 2013) . The N and C termini were trimmed such that the FASTA alignment file used as input for phylogenetic analysis comprised only the core b-jellyroll domain (Appendix S8). A maximum-likelihood (ML) phylogeny was estimated using RAXML 8.2.10 on the CIPRES Science Gateway v3.1 (Miller et al., 2010) , with the following settings: JTT amino-acid substitution matrix, 25 distinct rate categories and rapid bootstrapping with automatic halting (408 rapid bootstraps). The resulting phylogeny is provided in Nexus format in Appendix S7. FIGTREE was used for visualization (http://tree.bio.e d.ac.uk/software/figtree/).
Expression data
Expression data for EG16 orthologs in Populus trichocarpa and Physcomitrella patens were retrieved using the electronic fluorescent pictograph (eFP browser) from The Bio-Analytic Resource (BAR; Winter et al., 2007) using the gene IDs Potri.002G153200.1 and Pp1s353_23V6.1, respectively ( Figures S2 and S4) . Expression data for Pinus abies was acquired from The Plant Genome Integrative Explorer Resource (PlantGenie), specifically ConGenie, using the ID MA_52109g0010 (Sundell et al., 2015;  Figure S3 ).
Accession numbers
All accession numbers not otherwise indicated in the text above are provided in Appendix S1.
Appendix S9. Alignment of EG16 sequences in FASTA format used to produce sequence logos. Appendix S10. Alignment of XTH sequences in FASTA format used to produce sequence logos. Figure S1 . Sequence logos of EG16-2 motifs compared with EG16 motifs. Figure S2 . Expression levels of PtEG16 in Populus trichocarpa tissues from the eFP browser. Figure S3 . Expression levels of PaEG16 in Pinus abies tissues from ConGenie. Figure S4 . Expression of PpEG16 in Physcomitrella patens tissues from the eFP browser.
